In a looking-time study, 24 infants 6 months of age were presented with continuously folding and unfolding patterns of stripes. The luminances in the dynamic lightness constancy pattern were changed in such way that adults attribute them to changes of the various regions' orientation relative to the light source (lightness constancy display). The ''reversed'' lightness constancy stimulus consisted of a continuously folding and unfolding pattern, in which the luminance changes were not consistent with a striped surface illuminated from one side. The only difference between the animations was the relationship between the change in surface orientation and the change of luminances. The infants looked significantly longer at the reversed lightness constancy animation than at the lightness constancy display. This finding suggests that the infants detected the violation of the lightness constancy rules in the reversed lightness constancy stimulus. The infants were also presented with control animations to rule out the possibility that looking preferences were based on low-level properties of the display.
Introduction
The world around us remains constant despite changes in distance, orientation, and illumination. Several theories have dealt with how our visual system achieves size, shape, contrast, color, and lightness constancy (e.g., Epstein, 1977) . Previous studies found an onset of these perceptual constancies during the first months of life. More specifically, this has been demonstrated for size constancy (e.g., Day & McKenzie, 1981; Granrud, 2006; Slater, Mattock, & Brown, 1990) , shape constancy (e.g., Caron, Caron, & Carlson, 1979; Slater & Morison, 1985) , contrast constancy (Stephens & Banks, 1985) , color constancy (e.g., Dannemiller, 1998) , and lightness constancy (e.g., Teller, Pereverzeva, & Zemach, 2006) . This study extends the earlier research on lightness constancy in infancy by examining infants' responsiveness to lightness variations generated by changes in orientation of surfaces.
Lightness constancy in 4-month-old infants has been found by Chien et al. (2006) . In their first experiment, Chien et al. (2006) habituated 4-month-old infants to a dark gray face under high illumination. The face was embedded in a white surround. In the dishabituation period, the infants were tested with the dark versus a (novel) light gray face under a novel (low) illumination. Again, the faces were embedded in a white surround. It was expected that the infants would recognize the familiar shade of gray, the dark gray face, during the dishabituations trials. This stimulus was characterized by a novel luminance but a familiar reflectance and by a familiar luminance ratio with the white surround. Moreover, it was predicted that the infants would display a novelty response towards the face with the unfamiliar shade of gray, the light gray face. This stimulus provided a familiar luminance but a novel reflectance as well as a novel luminance ratio with the surround. These lightness constancy predictions were confirmed (see also Granrud et al., 2011) .
The results obtained by Chien et al. (2006) provide evidence that 4-month-old infants detect whether or not luminance ratios remain invariant. More specifically, according to Wallach (1948) , the luminance ratio of an object and its background remains constant across variations of illumination. Chien, Palmer, and Teller (2003) verified that 4-month-old infants follow Wallach's ratio rule. Moreover, 4-month-old infants show adult-like deviations from this rule (Chien, Palmer, & Teller, 2005) . This finding substantiated that infants respond to local luminance ratios.
The previous studies on lightness constancy in infants investigated lightness perception based on two-dimensional surface arrangement. More specifically, it was tested whether infants recognize a flat surface surrounded by another flat surface under varying illumination. Only reflectance edges, edges which are caused by differences in surface reflectance, were present in these studies. The present study extended this research by employing stimuli that displayed both reflectance edges and illumination edges, edges which are due to differences in illumination.
If the illumination of a surface or the surface's orientation relative to the illumination changes, the amount of light that comes to the eyes from that surface (luminance) varies. Nevertheless, we perceive a white, black, or gray surface as constantly white, black, or gray. Our visual system is able to segregate surface reflectance from surface illumination and surface orientation (e.g., Adelson & Pentland, 1996; Barrow & Tenenbaum, 1978) . This ability can be illustrated by looking at Fig. 1 , modeled after Adelson's (1993) corrugated plaid. Perceived intensities of the lights coming from the surface patches of each row are different. Moreover, variations of gray within the rows are comparable to those within the columns. For example, the middle row consists of the same gray patches as the middle column. Nevertheless, we usually interpret the figure as depicting a folded surface consisting of three dark and two light horizontal stripes. The stimuli used in the present study were colored variations of Adelson's (1993) corrugated plaid.
How does the visual system construe the dark and light stripes in Fig. 1 ? According to Gilchrist (e.g., 1977; Gilchrist, Delman, & Jacobsen, 1983) , the visual system subdivides the luminance borders within the figure into reflectance edges and illumination edges. This classification is the basis for the extrapolation of stripes of constant lightness in Fig. 1 . Classification into illumination versus reflectance edges specifies which regions of Fig. 1 belong together. More specifically, under the assumption that the patches within each row of Fig. 1 are separated by illumination edges, the visual system attributes their luminance variations to differential shadowing and groups them together. The reflectance edges indicate that the different rows have different reflectances.
The main factor responsible for the perception of illumination and reflectance edges is the extraction of three-dimensional surface structure. More specifically, Fig. 1 is perceived as a folded surface. This interpretation is based on extraction of line junctions (e.g., Clowes, 1971; Guzman, 1968; Huffman, 1971) . Arrowjunctions, Y-junctions, and W-junctions are pictorial cues to three-dimensionality and specify convex and concave edges. The L and T-junctions in Fig. 1 do not specify orientation changes but indicate the corner of a surface and the border of two surfaces in the same depth plane.
Most importantly, the line junctions in Fig. 1 not only define the 3D structure of the overall surface but also the reflectance and the illumination edges within that surface (Adelson, 2000; Sinha & Adelson, 1993a) . The stems of the T-junctions and the angled arms of the W-junctions in Fig. 1 represent reflectance edges. The stems of the arrow-, of the Y-and of the W-junctions represent illumination edges. Using this information, the luminance variations within each row of Fig. 1 can be attributed to orientation variations within the overall surface relative to the prevailing light. Three vertical planes of the surface appear to be in shadow, two vertical planes appear to be brightly illuminated. The light source is hence assumed to be situated lateral to the surface.
The corrugated patterns used in the present study contained 5 Â 5 regions (see Fig. 2 ). Use of a relatively large number of regions strengthens the 3D and lightness constancy effects. Especially, a set of adjoining stems of W-junctions gives a strong cue for an edge at which surface orientation changes. The combination of this cue with an appropriate distribution of luminance levels along the edge generates a strong impression of an illumination edge (see Figs. 1 and 2a, right) (Adelson, 2000) .
According to Adelson (1993a, 1993b) , the (local) line junction analysis is complemented by a global scene analysis of the given pattern of grays/luminances. More specifically, when presented with Fig. 1 , the visual system has to determine whether the overall distribution of the image luminances is consistent with a corrugated striped surface illuminated in a specific manner. Note that the distribution of the line junctions in Fig. 1 does not unambiguously define the orientation of the vertical planes. It is not specified which of the vertical edges are convex and which are concave and, as a consequence, which vertical planes are illuminated and which are in the shadow. Consequently, Fig. 1 as well as the experimental displays ( Fig. 2a-d ) are bistable for adults. In Fig. 1 , depending on which of the two impressions prevails, our visual system locates the light source either on the left and or on the right of the surface.
Research on infant sensitivity to pictorial cues of depth demonstrates that the ability to perceive 3D object structure from these cues is rather robust from approximately 6 months onwards (e.g., Imura et al., 2008; Tsuruhara et al., 2010 ; for a summary, see Kavšek, Yonas, & Granrud, in press ). It was therefore decided to test infants 6 months of age, because from that age on infants are obviously able to use line junction information for 3D surface structure. An additional factor that, according to Gilchrist (1988) , contributes to the classification into illumination and reflectance edges is the ratio-invariance property. This property refers to the luminance ratios of adjacent regions at the intersection of an illumination edge and a reflectance edge. More specifically, the luminance ratio along each edge remains constant as it crosses the other edge. Logvinenko (2002) found that rather than processing exact luminance ratios, the visual system considers only ordinal luminance relations. It tolerates violations of ratio invariance provided the contrast polarity across the luminance edges is preserved.
Ψ-junctions
In the present study, dynamic stimuli were used. Stimulus motion consisted in a continuous folding and unfolding of a surface. Each animation started with the depiction of a flat surface (see Fig. 2a-d, left) . The flat surface then appeared to continuously fold until it looked like a corrugated pattern (see Fig. 2a-d, right) . At this point, folding was reversed and the surface was retransformed into to a flat square. Animations were used for several reasons. First, motion is highly salient for infants and attracts their attention (e.g., Wattam-Bell, 1996) . Moreover, the folding motion might facilitate perception of the surfaces' spatial structure. From early on, infants are able to extract structure from motion (e.g., Arterberry & Yonas, 2000; Craton & Yonas, 1988; Nawrot, Mayo, & Nawrot, 2009 ). In addition, dynamic changes of line junctions might support infants' pictorial depth perception. Finally, the study tested infants' ability to perceive the correspondence between a 2D surface with dark and light stripes (e.g., Fig. 2a , left) and a 3D surface which was created by folding the 2D surface and by shifting the gray/luminance levels of the stripes in harmony with the rules of lightness constancy (e.g., Fig. 2a, right) . This correspondence is accentuated by the continuous change of surface orientation and shading. Infants' ability to use line junctions to perceive surface structure does not imply that they use line junctions to extract reflectance and illumination edges as well. More specifically, perception of the animation depicted in Fig. 2a , denoted as the ''lightness constancy (LC)'' stimulus, as consisting of three dark and two light stripes depends on an appropriate correlation between changes of surface 3D orientation and changes of luminance levels at the reflectance and illumination edges (e.g., Sinha & Adelson, 1993b) . If a plane turns towards the light source, it becomes brighter. If a plane turns away from the light source, it becomes darker. In the animation depicted in Fig. 2b , the ''reversed lightness constancy (RLC)'' stimulus, this correlation is reversed, thereby violating the rules of lightness constancy. More specifically, the motions and the contours within the RLC and the LC stimulus were exactly the same. The change of the luminance levels, however, was reversed in the RLC animation. When folded (see Fig. 2b, right) , the RLC animation displayed the luminance levels of the unfolded LC stimulus (see Fig. 2a, left) . When unfolded (see Fig. 2b, left) , the RLC animation displayed the luminance levels of the folded LC stimulus (see Fig. 2a, right) . As a consequence, both animations depicted the same luminance changes. Change of luminance levels in the RLC animation across the folding and unfolding motion, however, was opposite to that in the LC animation. As the RLC animation is, unlike the LC animation, not consistent with the lightness constancy principles, it appears to be unfamiliar and strange for adults. Since infants tend to look longer at unexpected events (e.g., Baillargeon, 1998) , 6-month-old infants should be surprised when looking at the reversed lightness constancy stimulus (Fig. 2b) , but not the lightness constancy stimulus (Fig. 2a) , if they are able to appropriately extract reflectance edges and illumination edges. In this case, they should look significantly longer at the RLC stimulus than at the LC stimulus.
Alternatively, however, longer overall looking times at the RLC stimulus than at the LC stimulus might be generated by either a natural preference for either the tartan pattern in the unfolded surface (Fig. 2b, left) or for the waved lines in the folded surface (Fig. 2b,  right) of the RLC animation. Both factors are not present in the LC animation. To rule out these low-level explanations, two additional (control) animations were presented. In the ''folding stripes (FS)'' stimulus, dark and light stripes were continuously folded and unfolded (Fig. 2c) . In the ''folding plaid (FP)'' stimulus, the tartan pattern was continuously folded and unfolded (Fig. 2d) . It was hypothesized that the infants' looking times towards the RLC and the FS animations would be equal, if they were attracted by the waved lines in these stimuli, but that they would prefer looking at the RLC animation instead of the FS animation if their looking behavior was not governed by a preference for the waved lines. Analogously, it was predicted that the infants would look equally long at the RLC animation and the FP animation, if they were attracted by the tartan pattern in both stimuli, but that they would look longer at the RLC animation than at the FP animation, if their looking behavior was not determined by a preference for the tartan pattern. A significant preference for the RLC animation over both the FS and the FP control animations would further strengthen the claim that the infants respond to the violation of lightness constancy rules in the RLC animation. No such violation of these rules is present in the control stimuli.
These predictions were tested by an overall analysis of variance with contrast coding. More specifically, it was tested whether the mean looking time towards the RLC stimulus was different from the mean looking times towards the LC stimulus, the FS stimulus, and the FP stimulus: under the hypothesis that the infants look longest at the RLC animation because it depicts a violation of lightness constancy rules, mean looking time towards RLC is expected to be significantly higher than the mean looking times towards LC, FS, or FP.
Methods

Participants
Twenty-four 6-month-old infants were observed (mean age = 181 days, range = 170-200 days). Five additional infants were excluded from analysis because of crying or fussiness. None of the participants had known or suspected abnormalities. The participants were recruited by letter and telephone from birth records that were put at our disposal by the municipal authorities of the City of Bonn. The study was approved by a local ethics committee. Parents gave informed consent before testing began.
Apparatus
Each infant sat in a reclining position on a parent's lap, 45 cm from a 55.08 Â 34.38 cm flat LCD computer screen, which could be seen through an aperture that was cut in the back of a 120 Â 170 cm dull white wooden front panel. A small camera above the computer screen monitored the infant's face and eyes. Two black side panels (95 Â 182 cm), which were oriented approximately 100°from the front panel, blocked the experimental room and the observers from the infant's view. The room was dark except for light from the computer screens in the experimental room.
Stimuli
The participants were presented with four computer animations depicting the stimuli. The animations were constructed with Adobe Flash CS4 software. The stimuli were located in the middle of the computer screen. They were shown on interleaved trials ( Fig. 2a-d ; see http://www.limo.uni-bonn.de). Each stimulus consisted of a continuously folding and unfolding surface. When unfolded, each stimulus was a 2D surface measuring 8.75 (11°) Â 8.75 cm. When folded, each stimulus measured 9.6 cm (12.04°) at the longer axis and 7.6 cm (9.6°) at the shorter axis. Folding was managed by subdividing the 2D surface into 5 Â 5 squares, each of which measured 1.75 (2.2°) Â 1.75 cm, and by skewing each square by 30°. Each folding cycle (unfolded surface -folded surface -unfolded surface) consisted of 60 frames shown at a rate of 20 frames per second. All stimuli were magenta-colored (x = 0.40, y = 0.27). This color remained constant across the folding motion. The animations were reddish because this color highly attracts infants' attention (e.g., Adams, 1987; Franklin et al., 2010; Zemach, Chang, & Teller, 2007) . The stimuli were set against a middle gray background with a luminance of 79.5 cd/m 2 . The reddish stimuli clearly stand out from this background. The unfolded, flat surface in the lightness constancy (LC) stimulus (Fig. 2a, left) . During the skewing motion, the luminances of the squares changed continuously and smoothly. The luminances half-way into the folding motion (Fig. 2a, middle) luminances, the ratio-invariance principle was violated: luminance ratios along the illumination edges as well as along the reflectance edges were not constant. However, according to Logvinenko (2002) , the visual system ignores these violations provided the ordinal luminance relations across the edges are preserved. This was the case in the LC animation. Several adult observers were presented with different versions of the animations. The current LC and RLC stimuli were selected because they evoked a clearly visible lightness constancy effect and a highly salient violation of the rules of lightness constancy respectively. Moreover, all stimuli were shown in an undergraduate psychology course (n = 31). The students unanimously indicated that the LC animation, three frames of which are depicted in Fig. 2a , appeared to consist of three dark and two light continuously folding and unfolding stripes of constant lightness. They clearly interpreted the corrugated surface shown on the right side of Fig. 2a as a striped pattern folded in space and equated it with the flat surface shown on the left side of Fig. 2a . The changes in perceived luminance within each stripe were attributed to changes in illumination due to the orientation changes of the folds. The reversed lightness constancy (RLC) stimulus depicted in Fig. 2b was constructed from the LC stimulus by reversing the continuous changes of the luminances. As a result, the flat surface consisted of patches with different luminances (Fig. 2b, left) and the corrugated surface consisted of three dark and two light zig-zag stripes (Fig. 2b, right) . When seeing this animation, the students reported that the animation looked strange due to the unexpected luminance changes. The animations illustrated in Fig. 2c and d served as control stimuli. Neither Fig. 2c nor d contained luminance changes. Fig. 2c depicts the folding stripes (FS) stimulus, a folding and unfolding pattern of stripes. Fig. 2d depicts the folding plaid (FP) stimulus, a folding and unfolding plaid consisting of different luminances. The undergraduate students consistently confirmed to perceive a folding motion in both animations. Moreover, neither the FS nor the FP animations were perceived as displaying a violation of the rules of lightness constancy. Each infant was presented with four animations. One half of the infants (n = 12) were tested with the four horizontally oriented stimuli displayed in Fig. 2 (horizontal condition; see also http:// www.limo.uni-bonn.de). The other half of the infants (n = 12) were tested with four vertically oriented stimuli which were generated by simply rotating the horizontal animations by 90°(vertical condition). With four stimuli, a total of 24 orders can be constructed. Twelve orders were selected from these 24 orders so that each animation occurred three times in each of the four trial positions. In each orientation condition, one of the 12 selected animation orders was randomly assigned to one of the 12 participants (six females and six males).
Before the first trial and between trials, an attention-getter was shown. The attention-getter consisted of four colored 2.5 (3.2°) Â 2.5 cm squares which were symmetrically arranged in the middle of the screen. Distance between the squares was 2.5 cm. They were set against a middle gray background and rotated clockwise around their center. One rotation took 15 s and consisted of 900 frames shown at a rate of 60 frames per second. After the first second and every 5 s, a short jingle chimed.
Procedure
Each infant was brought to the laboratory by one parent and was then seated comfortably on the parent's lap. Parents were instructed not to interact with the baby during the experimental session. The goal of the study was not explained until the experiment was finished. First, the attention-getter was shown. As soon as the infant looked at the attention-getter, the first animation was shown. Presentation of the four animations followed an infant-controlled procedure. Each trial continued until the participant looked away from the stimulus for 2 s. Between trials, the attention-getter was presented until it had attracted the infant's attention. If so, the next trial began.
Two experimenters observed the infant on a computer monitor attached to the camera that filmed the infant. The experimenters independently recorded how long the infant looked at the patterns by pressing buttons attached to a computer. The computer of each experimenter calculated the looking times and signaled the end of each trial by a low-pitched tone. A trial was ended when signaled by both computers. Experimenter 1 could not see the stimuli. Experimenter 2, however, watched the stimuli and handled the sequence of the animations. Since experimenter 1 was blind to the stimulus on the screen at any given time, her data were used in the statistical analyses. Experimenter 2 independently observed the participants to obtain a measure of interobserver agreement. Pearson correlation was r = .99 for total looking time from the four animations.
Results and discussion
First, a preliminary analysis examined the impact of sex and stimulus orientation (horizontal versus vertical) on the looking times. This analysis did not reveal significant interactions of sex and stimulus orientation with the kind of animation factor (LC, RLC, FS, FP). The data were therefore collapsed across the sex and stimulus orientation variables in the further statistical analysis. Fig. 3 summarizes the mean looking times towards the four experimental animations. The error bars represent standard deviations (±1 SD). Fig. 3 shows that the mean looking time towards the RLC animation was higher than the mean looking times towards the LC, FS, and FP animations. In order to test whether this difference was statistically significant (a = .05), an overall ANOVA with contrast coding with a weighting coefficient of 1 for each of the mean looking times towards the LC, FS, and FP animations and a weighting coefficient of À3 for the mean looking time towards the RLC animation was conducted (Buckless & Ravenscroft, 1990) .
The ANOVA yielded that the mean looking time towards the RLC display was indeed significantly higher than the looking times towards the LC, FS, and FP displays, F(1, 92) = 6.26, p = .014,
Unlike the earlier studies on infants' perception of lightness constancy (Chien et al., 2006; Granrud et al., 2011) error bar: +/-1 SD Fig. 3 . The bars depict the mean looking times (in seconds) for the experimental stimuli. The error bars represent standard deviations (±1 SD). The broken line and the triangles exemplarily depict the looking times of a single infant.
requires extraction of line junction information for both surface orientation and edge classification (e.g., Adelson, 2000) . Effectiveness of the line junction information was increased by using dynamic displays. Sinha and Adelson (e.g., 1993b ) stress that line junction analysis is complemented by a global scene analysis. By 6 months, infants are able to extract 3D information from line junctions (see Kavšek, Yonas, & Granrud, in press ). The present study examined whether 6-month-old infants use the line junction information in the experimental animations to also perceive illumination and reflectance edges. Despite considerable changes of the luminance levels, when seeing the lightness constancy display (Fig. 2a) , our visual system perceives a continuously folding and unfolding surface with dark and light stripes of constant lightness. In the case of the horizontally folding LC animation, the luminance changes are interpreted as resulting from orientation changes of the vertical planes relative to the light source (e.g., Sinha & Adelson, 1993a , 1993b . The light source is assumed to be situated either to the left or to the right of the surface. In the case of the vertically folding LC animation, the changes of luminance levels are consistent with a striped surface that is illuminated from either above or below. These lightness constancy principles are violated in the RLC animation. Again, luminance levels and 3D surface orientations change continuously. In comparison to the LC stimulus, the correlation of luminance level change and surface orientation change is reversed. As a consequence, the RLC stimulus is not perceived as consisting of stripes of constant lightness. For adults, the RLC animation looks peculiar.
If the infants responded to either the image luminance changes or the surface orientation changes in the LC and the RLC animations, both animations would have evoked equal looking times, because both factors are present in both animations. However, the RLC animation elicited longer looking times than the LC animation. This indicates that the infants responded to the differential correlations between luminance changes and surface orientation changes: they behaved as if they perceived the luminance changes in the RLC, but not in the LC animation, as strange and unexpected. In contrast to the LC animation, the RLC animation appears unfamiliar because it depicts a correlation between luminance changes and surface orientation changes, which is inconsistent with folding and unfolding a striped surface and illuminating it from a particular direction.
Control displays were shown to examine whether the longer looking times towards the RLC stimulus were generated by lowlevel properties of this stimulus. The control displays contained either zig-zag stripes (FS stimulus) or a flat tartan pattern (FP stimulus), both of which are components of the RLC stimulus. According to the results, the participants looked longer at the RLC animation than at either of the control (FS and FP) animations. This supports the conclusion that the participants' longer looking times towards the RLC animation was not caused by a natural preference for low-level, two-dimensional image properties.
However, instead of perceiving lightness constancy in the LC animation and the violation of the lightness constancy principles in the RLC animation, the infants may have simply responded to the relationship between the folding motion and the luminance changes per se. More specifically, they might have looked longer at the RLC stimulus because it violated their prior experience that luminance changes in combination with orientation changes usually look like those in the LC animation. Even in that case, this ability would be an important precursor of lightness constancy. Further research is needed to substantiate lightness constancy with 3D surface arrangements.
